Pioneer factors have the exquisite ability to engage their target sites at nucleosomal DNA, which leads to a local remodeling of chromatin and the establishment of a transcriptional competence. However, the direct impact of enhancer priming by pioneer factors on the temporal control of gene expression and on mitotic memory remains elusive. In Drosophila embryos, the maternally deposited activator Zelda (Zld) exhibits key pioneer factor properties and indeed regulates the awakening of the zygotic genome. The analysis of thousands of endogenous Zld bound regions in various genetic contexts, as well as the study of isolated synthetic enhancers with static approaches, led to the proposal that Zld could act as a quantitative developmental timer. Here we employ quantitative live imaging methods and mathematical modeling to directly test the effect of Zld on temporal coordination in gene activation and on mitotic memory. Using an automatic tracking software, we quantified the timing of activation in hundreds of nuclei and their progeny in Drosophila embryos. We demonstrate that increasing the number of Zld binding sites accelerates the kinetics of transcriptional activation regardless of their past transcriptional state. In spite of its known pioneering activities, we show that Zld is not a mitotic bookmarker and is neither necessary nor sufficient to foster mitotic memory. Fluorescent recovery after photo-bleaching and fluorescent correlation spectroscopy experiments reveal that, Zld is highly dynamic and exhibits transient binding to chromatin. We propose that Zld low binding rates could be compensated for by local accumulation of Zld in nuclear microenvironments in vivo, thus allowing rapid and coordinated gene activation.
Results and Discussion

Zelda fosters temporal transcriptional coordination
In the blastoderm embryo, two redundant enhancers control snail (sna) gene expression, a proximal (primary) and a distal (shadow enhancer) 1, 2 . Both enhancers are bound by Zelda (Zld) at early nuclear cycles 3, 4 . Expression driven by the long intact shadow enhancer (sna-shadow) leads to rapid transcriptional activation, precluding analysis of the impact of Zld on fine-tuning the timing of this activation ( Figure S1 , A-B). We therefore used a previously described truncated version of the sna shadow enhancer (snaE) that leads to a stochastic activation, compatible with mitotic memory tracking 5 .
To follow transcriptional dynamics in a quantitative manner, we created a series of enhancer<promoter<MS2-yellow transgenes, with a unique minimal promoter (sna promoter) and a MS2-yellow reporter ( Figure 1A ). Upon transcription, MS2 loops are rapidly bound by the maternally provided MCP-GFP, which allows tracking of transcriptional activation in living embryos 6, 7 . To decipher the role of Zld in cis, a varied number of canonical Zld-binding sites (CAGGTAG) 8, 9 were added to the snaE in two locations, either close to the promoter (Zld 3') or at a distance (Zld 5') ( Figure 1 A) . The pattern of expression of snaE-extraZld transgenes was dictated by the regulatory logic of the sna enhancer and was located in the presumptive mesoderm, similarly to the endogenous sna pattern (Figure 1 B-D' ). Using fluorescent in situ hybridization, we could detect that the number of active nuclei within the sna pattern correlated with the number of Zld-binding sites present in the enhancer. However, this technique was performed on embryos fixed at various stages of nuclear cycle 14 (nc14), which lasts ≈55min. Thus, the impact of Zld on the probability to activate reporter expression could be due to small variations in developmental timing of these embryos. To precisely measure temporal dynamics, we took advantages of our MCP/MS2 system to track transcriptional activation in living embryos. First, we implemented an automatic image analysis pipeline that segments nuclei in nc14 ( Figure 1 E-E') and tracks the time of transcriptional activation ( Figure 1 F-F' ). In the early fly embryo, transcriptional activators, like Dorsal, control gene expression in a graded manner 10 . It was therefore important to quantify temporal dynamics of gene activation in a spatially controlled pattern. For this purpose, we used the ventral furrow as a landmark to define dorso-ventral coordinates (Figure 1-G) . Unless otherwise indicated, we studied temporal dynamics of gene activation in a region of 50μm around the ventral furrow to ensure non-limiting levels of the sna activators Dorsal and Twist 11 ( Figure 1 G'). We initially examined the impact of Zld on the timing of gene activation. As identified with static approaches 8, 12 , our dynamic data showed that increasing the number of Zld-binding sites resulted in precocious transcriptional activation (Figure 1 H-L) (Movie 1). Zld binding impacted not only the onset of gene activation but also the temporal coordination among a spatially defined pattern, referred to as synchrony 13 ( Figure 1 M) . For example, at precisely 10min into interphase 14, expression of the snaE transgene was not coordinated, whereas the number of active nuclei at this stage increased by adding Zld-binding sites (Figure 1 H-L) . The precise kinetics of gene activation, i.e synchrony curves, was quantified as a percentage of active nuclei within a defined spatial pattern for each transgene during the first 30min of nc14. SnaE generated a slow activation kinetic, where half of the pattern is activated at t50≈14min. Adding only a single CAGGTAG sequence, 5' to the enhancer accelerated this kinetic (t50≈10min). With two extra Zld-binding sites synchrony is further increased with t50≈8min. The activation kinetics of two extra canonical Zld sites mimicked the dynamics generated by the intact long shadow enhancer (Figure S1 B) . The most dramatic synchrony shift was caused by the addition of a single CAGGTAG sequence close to the promoter (+1 Zld 3') (t50≈5.5min) ( Figure 1M ). This behavior was not changed when adding two additional Zld sites, suggesting that promoter proximal Zld binding causes a strong effect, that cannot be enhanced by the addition of more distant sites. While our initial analysis focused on the region surrounding the ventral furrow, live imaging data also provided insights into the temporal activation in the entirety of the sna domain. By tracking the timing of activation along the dorso-ventral axis, we can detect the Dorsal nuclear spatial gradient 14 with temporal data ( Figure S1 C-D) . Indeed, the first activated nuclei were located where activators are at their peaks levels, whereas the late activated nuclei were closer to the mesodermal border, as previously suggested by analysis of fixed embryos and modeling 12, 15 . Adding extra Zldbinding sites boosted the spatio-temporal response to the dorso-ventral gradient ( Figure S1C-D) . These temporal data are consistent with the idea that Zld potentiates the binding of spatially restricted morphogens like Bicoid or Dorsal 4, 12, [16] [17] [18] , and thus supports the previously described pioneering activities of Zld 19, 20 . Altogether we have set up a live imaging-based approach to quantitatively measure the impact of Zld on transcriptional dynamics in a developing dividing embryo.
Accelerated transcription mediated by increased Zldbinding sites bypasses transcriptional memory
Our ability to track transcriptional activation in live embryos provided the unprecedented opportunity to determine activity through multiple cell cycles. Using the sensitized snaE transgene, we recently documented the existence of a transcriptional mitotic memory, whereby the transcriptional status of mother nuclei at nc13 influences the timing of activation of the descendants in the following cycle 5 . In this previous study, memory was manually tracked, limiting the number of data points that could be processed. To address the challenge of following rapid movements during mitosis, a semiautomatic mitotic nuclei tracking software was developed ( Figure 2A) .
Combining lineage information with transcriptional status, we quantified the timing of activation of hundreds of nuclei in nc14 in a spatially defined pattern. This allowed us to distinguish those transcriptionally active nuclei that arose from an active mother (green curves, Figure 2 ) from those coming from an inactive mother (red curves, Figure 2) . Differences between the kinetics of activation of these two populations provide an estimation of transcriptional mitotic memory. Given the association of Zld with regions of open chromatin 3 and its ability to shape the chromatin landscape in the early embryo 19, 21 , we reasoned that Zld could be responsible for the establishment of transcriptional mitotic memory during early development. Thus, we leveraged our live imaging system to directly test the role of additional Zld-binding sites on transcriptional activation through mitosis. Contrary to our expectation, adding extra Zld-binding sites in cis augmented the speed of activation in both nuclei derived from active mothers and those from inactive mothers (Figure 2 C-D, Figure S1 E-F). Increasing the number of Zld-binding sites reduced the differences in the timing of activation for descendants from active mothers and their neighboring nuclei, arising from inactive mothers. Our results suggest that extra Zld-binding sites accelerate transcriptional dynamics regardless of the past transcriptional status.
Modeling the impact of Zelda on memory
In an attempt to gain some insights into the role of Zld on mitotic memory, we developed a simple mathematical framework that described the delays of transcription (waiting times prior to the first detected initiation event) as a sequence of transitions (see Methods). The significant number of nuclei tracked in this study (>300 per genotype) provided the statistical power to examine their distribution. The distribution of waiting times for descendants of active nuclei and inactive nuclei were clearly distinct ( Figure 2E ). These distributions can be fitted by a mixture of three gamma distributions with scale parameters (number of transitions) 1, 2 and 3, suggesting that post-mitotic nuclei require at most three transitions to be come active. The first two moments of the waiting time distribution allow the calculation of two parameters; a and b, where a represents the number of transitions between discrete transcriptional states and b the duration of each transition (Table S1 ). Fitting our data revealed that for snaE, the temporal behaviors of descendants of active and that of inactive mothers differ mainly in parameter a, namely the number of transitions required to reach the transcription active state ( Figure 2F ). Corresponding parameter b estimates range between 2.4 to 3.8 min. This estimated memory time is sufficiently large to guarantee transmission of transcriptional state accross mitosis for both types of mothers (Table S1 ). The accelerated transcriptional activation observed with increased numbers of Zldbinding sites could similarly be due to either a decrease in the duration of the transitions (b) or the number of transitions (a). Our modeling suggests that the addition of extra Zld-binding sites accelerates the transitions between various states; hence b estimates are consistently smaller (Table S1 ). In summary, using a modeling approach, continuous waiting time data were converted into discrete metastable states that precede gene activation. This model suggests that transcriptional memory is supported by a sequence of relatively long-life metastable states preceding activation, which could be maintained by mitotic bookmarking.
Zelda is dispensable for transcriptional mitotic memory
To test whether Zld was necessary for transcriptional mitotic memory, activation kinetics for descendants from active and inactive nuclei were quantified by reducing maternal Zld expression using RNAi Figure S3 B-C). This confirms that the previously identified acceleration of transcriptional activation upon addition of extra Zld-binding sites is due to Zld activity on these synthetic enhancers. We then quantified the level of memory in the zld-RNAi embryos with three snaE<MS2 transgenes containing varying number of Zld-binding sites. To our surprise, in spite of the maternal reduction of Zld, a strong memory bias is still observed ( Figure 3G -H, Figure S3D ). We conclude although possessing several key properties of a pioneer-factor 19, 20 , Zld is not necessary to elicit heritability of active transcriptional states through mitoses. Of note, in Zld maternally depleted embryos, transcriptional activation is restricted to reduced region of about ≈25µm around the pseudo-furrow (embryos do not properly gastrulate, data not shown). These data confirm that outside of this domain, Zld potentiates Dorsal-dependent activation of snaE transgenes.
Upon maternal decrease of Zld, activation kinetics were lowered yet transcriptional mitotic memory was still present. This emphasizes the concept that synchrony is distinct from that of memory. Altogether our results show that Zld accelerates transcription and fosters synchrony but is not the basis for transcriptional mitotic memory.
Zelda is not sufficient to trigger transcriptional mitotic memory
To examine whether Zld binding to an enhancer was sufficient to trigger a memory bias, temporal activation from a second regulatory element (DocE) was examined ( Figure S2 ). This region is located in a gene desert within the Doc1/2 locus and is characterized by high Zld occupancy in early embryos ( Figure S2 A-B) 3 . We created an MS2 reporter transgene with this putative enhancer and found that it drives expression in the dorsal ectoderm in a pattern overlapping endogenous Doc1 ( Figure S2 C, C') and Doc2 mRNA expression (data not shown). Upon zld-RNAi, expression from this enhancer was highly reduced thus confirming a role for Zld in driving expression from the DocE element (data not shown). During nc13, our DocE transgene was stochastically activated, which is compatible with transcriptional mitotic memory tracking in three distinct dorsal ectoderm domains ( Figure S2C ). None of the three domains (anterior, central, posterior) revealed a bias in the timing of activation in nc14 for descendants of active mothers compared to those arising from inactive mothers ( Figure  S2 D-G). We therefore conclude that this DocE element does not trigger memory, despite being bound by Zld. Thus, experiencing transcription at a given cycle does not necessarily lead to a rapid post-mitotic reactivation in the following cycle.
Quantitative kinetic analysis reveals the dynamic properties of Zelda
Zld shares several key properties of a pioneer factor such as priming cis-regulatory elements prior to gene activation, which establishes competence for the adoption of many cell fates, and opening chromatin, which facilitates subsequent binding by classical transcription factor 19 . In addition to these properties, classical pioneer factors bind nucleosomes and are typically retained on the chromosomes during mitosis 23 . Based on these known characteristics of pioneer-like factors we had expected a role for Zld in retaining transcriptional memory through mitosis. Thus, our genetic data and modeling indicating that Zld was not the basis of memory was unexpected. To better understand this surprising result, we examined Zld dynamics in living embryos and particularly during mitosis (Figure 4 ). We took advantage of an endogenously tagged fluorescent version of Zld 24 . The GFP-zld flies are homozygous viable, thereby showing that the GFP-tagged version of Zld retains wild-type physiological properties.
First, GFP-Zld binding to DNA was examined through the mitotic cycle (Figure 4, Figure S4 ). Live imaging data showed that Zld is not obviously retained on the chromosomes during mitosis ( Figure 4A-B) , similar to what was shown in fixed embryos 25 ( Figure S4A ). While most GFP-Zld molecules are allocated to nuclei in interphase, they were evicted from nuclei and redistributed to the cytoplasm during mitosis ( Figure 4B ). Our live imaging approach revealed a highly dynamic behavior of Zld, whereby Zld comes back to the nucleus very rapidly at the end of mitosis ( Figure 4A and Movie 4). Intra-nuclear FRAP experiments indeed confirm the significant mobility of Zld, with an apparent diffusion coefficient of ≈0.5μm 2 /s ( Figure S4B ). To obtain a precise measure of Zld diffusion properties including binding kinetics, we performed Fluorescent Correlation Spectroscopy (FCS) in living cycle14 embryos ( Figure  4C ). Auto-correlation curves for Zld were compared to a known mitotic bookmarking factor, Ash1, whose kinetics have been documented by FRAP and FCS approaches in early Drosophila embryos 26 and thus represent a point of reference ( Figure S4C ). To estimate chromatin binding kinetics, FCS curves were fitted with a reaction-diffusion model that was specifically developed for this approach 27 . This model showed similar diffusion coefficient of ≈5μm 2 /s for both Zld and Ash1 (Figure 4 D) . Contrary to the mitotic bookmarking factor Ash1, the estimated pseudo first order association rate of Zld (k*on) is significantly lower than its dissociation rate (koff) ( Figure 4E , Figure S5D ). We therefore conclude that Zld binding to chromatin is relatively transient, on the order of seconds (residence time of 0.35 seconds, Figure  4F ). Moreover, Zld binds to chromatin with a significantly lower fraction than Ash1 ( Figure 4G ). These properties were unexpected given the strong impact of extra Zldbinding sites on accelerating the kinetics of gene activation ( Figure 1 ). However, similarly transient bindings to chromatin have recently been reported for other key transcription factors 18, 28 (e.g Bicoid). These transient bindings seem to be compensated for by increases in local concentrations, in particular nuclear microenvironments 18, 28 . Live imaging with GFP-Zld, as well as immunohistochemistry on fixed embryos, revealed a heterogeneous distribution of Zld proteins in the nucleus ( 
Materials and Methods
Drosophila stocks and genetics
The yw stock was used as a control. The germline driver nos-Gal4:VP16 (Rorth, 1998) was recombined with an MCP-eGFP-His2Av-mRFP fly line (gift from T.Fukaya). RNAi were expressed following crosses between this recombinant and UASp-shRNA-w (BL35573) or UASpshRNA-zld 21 , virgin females expressing RNAi, MCP-GFP-His2Av-mRFP were crossed with MS2 containing transgenic constructs. The GFP-zld strain was obtained by CRISPR 24 . GFP-ash1 26 and His2Av-mRFP (BL23651).
Cloning and Transgenesis
The snaE enhancer transgene was described in Ferraro et al 5 . The 24XMS2 tag was inserted immediately upstream of the yellow reporter gene coding sequence. Extra Zld-binding sites (consensus sequences CAGGTAG) were added to the wt snaE enhancer by PCR using the primers indicated in Table S2 . All transgenic flies inserted at the same locus using PhiC31 P[acman] strain, site specific insertion into the BL9750 line (VK33 site).
Live imaging
Embryos were dechorionated with tape and mounted between a hydrophobic membrane and a coverslip as described in 5 . All movies (except when specified) were acquired using a Zeiss LSM780 confocal microscope with the following settings: GFP and RFP proteins were excited using a 488nm and a 561nm laser respectively. A GaAsP detector was used to detect the GFP fluorescence; a 40x oil objective and a 2.1 zoom on central ventral region of the embryo, 512 x 512, 16 bit/pixel image, with monodirectional scanning and 21z stacks 0.5μm apart. Under these conditions, the time
in the range of 21-22s per frame. Image processing of LSM780 and LSM880 movies of the MS2-MCP-GFP signal were performed in a semiautomatic way using custom Python TM made software, that will be described in another publication (Trullo et al., in preparation) . Live imaging of GFP-zld/+;His2Av-mRFP/+ embryos were performed using a Zeiss LSM780 confocal microscope with the following settings: GFP and RFP proteins were excited using a 488nm and a 561nm laser respectively. A GaAsP detector was used to detect the GFP fluorescence, a 40x oil objective and 512 x 512, 16bit/pixel image, with bi-directional scanning and 8 stacks 1 μm apart. Under these conditions, the time resolution is in the range of 5-7s per frame. Live imaging of GFP-zld embryos was acquired using a Zeiss LSM880 confocal microscope with the following settings: GFP protein was excited using a 488nm. A GaAsP-PMT array of an Airyscan detector was used to detect the GFP fluorescence, a 40x oil objective and 568 x 568, 8 bit/pixel image, with a 4x zoom and mono-directional scanning, with Super Resolution mode. Under these conditions and using a piezo Z, the time resolution is in the range of 3-4s per frame.
Manual tracking
Upon high reduction of maternal Zld, zygotic activation is perturbed and major developmental defects occur 9, 25 . Abnormal nuclear shape (example movie 3 and control movie 2) precludes their automatic segmentation. Kinetics of transcriptional activation was manually analyzed for zld-RNAi embryos. We implemented a spot detection algorithm to export files with the detected MS2 spot. The thresholding of the MS2 spot is consistent with all the other automatic analysis. A spatial domain was determined, taking the 'pseudo-furrow' as a landmark and focusing on a 25μm region around it (note that no activation seems to occurs outside of this area). Nuclei in this region are visually tracked frame-by-frame to detect when activation in nc13 occurs, when mitosis occurs and to recover the first activation frame in nc14. Approximately 2 to 3 fold more nuclei from inactive compared to active mother nuclei in nc13 were analyzed.
Immunostaining and RNA in situ hybridization
Embryos were dechorionated with bleach for 1-2 min and thoroughly rinsed with H2O. They were fixed in fixation buffer (500μl EGTA 0.5M, 500μl PBS 10X, 4ml Formaldehyde MeOH free 10%, 5ml Heptane) for 25 min on a shaker at 450 rpm; formaldehyde was replaced by 5 ml methanol and embryos were vortexed for 30s. Embryos that sank to the bottom of the tube were rinsed three times with methanol. For immunostaining, embryos were rinsed with methanol and washed three times with PBT (PBS 1X 0.1% triton). Embryos were incubated on a wheel at room temperature twice for 30 min in PBT, once for 20 min in PBT 1% BSA, and at 4 °C overnight in PBT 1% BSA with primary antibodies. Embryos were rinsed three times, washed twice for 30 min in PBT, then incubated in PBT 1% BSA for 30 min, and in PBT 1% BSA with secondary antibodies for 2 h at room temperature. Embryos were rinsed three times then washed three times in PBT for 10 min. DNA staining was performed using DAPI at 0.5 μg mL−1. Primary antibody dilutions for immunostaining were mouse anti-GFP (Roche IgG1κ clones 7.1 and 13.1) 1:200; rabbit anti-Zld antibody (gift from Dr.M.Harrison) 1:250; rabbit anti-GAF (a gift from Dr.G.Cavalli) 1:250; Secondary antibodies (anti-rabbit Alexa 488-conjugated (Life technologies, A21206); antimouse Alexa 488-conjugated (Life technologies, A21202);
anti-rabbit Alexa555-conjugated (Life technologies, A31572); were used at a dilution 1:500. Fluorescent in situ hybridization was performed as described in 5 . A dixogygenin-MS2 probe was obtained by in vitro transcription from a bluescript plasmid containing the 24-MS2 sequences, isolated with BamH1/BglII enzymes from the original Addgene MS2 plasmid (# 31865). Snail probe was described in 13 . Mounting was performed in Prolong Gold.
Fluorescence recovery after photobleaching
Fluorescence recovery after photobleaching (FRAP) in embryos was performed with the following settings: FRAP was performed on a Zeiss LSM780 using a 40X/1.3 Oil objective and a pinhole of 66 μm. Images (512_32 pixels), zoomed 6x, were acquired every ≈20ms during 400 frames. GFP was excited with an Argon laser at 488nm and detected between 507-596nm. Laser intensity was kept as low as possible to minimize unintentional photobleaching. A circular ROI (16x16 pixels) 0.07µm/pixels, was bleached using two laser pulses at maximal power during 130ms after 50 frames. In order to discard any source of fluorescence intensity fluctuation other than molecular diffusion, the measured fluorescence recovery in the bleached ROI region (Ibl) was corrected by an unbleached ROI (Iunbl) of the adjacent nucleus and another ROI outside of the nucleus (Iout) following the simple equation:
The obtained fluorescence recovery was then normalized to the mean value of fluorescence before the bleaching i.e.:
( 2) and fitted using a slightly modified 19th order limited development of the Axelrod model for Gaussian profile illumination and diffusion 30, 31 , using the following equations:
with K, a constant proportional to bleaching deepness, M, the mobile fraction and τ, the half time of recovery. Diffusion coefficients of the different molecules were determined according to
With w the value of the radius at 1/e 2 of the Gaussian beam (in our case, w=0.56µm) and β a discrete function of K tabulated in 32 .
Fluorescence correlation spectroscopy FCS experiments were performed on a Zeiss LSM780 microscope using a 40X/1.4 water objective. GFP was excited using the 488nm line of an Argon laser with a pinhole of 1 airy unit. Intensity fluctuation measured for 10s were acquired and auto-correlation functions (ACFs) generated by Zen software were loaded in a Python TM shell. Multiple measurements per nucleus, in multiple nuclei and embryos at 20°C were used to generate multiple ACF, used to extract kinetic parameters. The FCS measurement volume was calibrated with a Rhodamine6G solution 33 (6), curves were fitted between ≈25µs and ≈1s. For each time series the value of k*on, koff and Df (reaction constants and diffusion coefficient) were estimated and averaged at the end over all the estimations.
Image analysis for transcriptional activation through multiple cell cycles
The image analysis software and associated graphical user interface developed for this study will be detailed in another methodological manuscript (Trullo et al, in preparation). Briefly, red (nuclei) and green (MS2 nascent RNA spots) channels were first maximum intensity projected. The analysis was split into three parts: before mitosis (nc13), during mitosis and after mitosis (nc14). During interphases, nuclei were segmented (using mainly circularity arguments and water-shed algorithm) and tracked with a minimal distance criterion. During mitosis, nuclei were segmented by intensities and tracked by an overlap in consecutive frames criterion. By merging these three parts, we could give a label to each nc13 mother nucleus, their daughters in nc14 and an extra label to recognize one daughter from the other. MS2 spots were detected with a blob detection method with a user-defined threshold constant value. Detected spots were associated to the closest nuclei, inheriting their label. Finally, for each tracked nucleus, the timing of first transcriptional activation was recorded.
Mathematical model, general framework
We are interested in the time needed for post-mitotic transcription (re)activation. We model this time as the sum of two variables:
where T 0 is a deterministic incompressible lag, the same for all nuclei, and T r is a random variable whose value fluctuates from one nucleus to another. Furthermore, T r is defined such that it takes values close to zero with nonzero probability.
The stochastic part of the (re)activation time is modeled using a finite state, continuous time, Markov chain. The states of the process are A 1 , A 2 , . . . , A n−1 , A n . The states A i , 1 ≤ i ≤ n − 1 are metastable and OFF, i.e. not transcribing. The state A n is ON, i.e. transcribing. Each metastable state has a given lifetime, defined as the waiting time before leaving the state and going elsewhere. For the purposes of this paper, we considered that each of the states have the same lifetime denoted τ. Also, the topology of the transitions is considered linear: in order to go to A i+1 one has to visit A i . More complex models will be described, analyzed and identified elsewhere.
The distribution of the random time T r depends on τ and on the number of transitions performed in order to reach the ON state. If only one transition is utilized to reach the ON state, then T r is exponentially distributed with the parameter τ −1 . Likewise, in the case where the ON state is reached after performing k transitions, then T r is gamma distributed with shape parameter k and with scale parameter τ. In general, T r is given by a mixture of gamma distributions with shape parameters 1,2,3,... and scale parameter τ, whose cumulative distribution function (cdf) reads:
where Γ, γ are the complete and incomplete gamma functions, respectively. The mean and the variance of T r are as such:
We define the following parameters of the mixed distribution that can be computed empirically from the mean and the variance, the first two moments of the distribution, as such:
Using (9) we find that:
showing that the parameter represents the average number of transitions.
Data analysis and parameter estimates for modeling
Data analysis and parameter estimates were performed using MATLAB and Optimization Toolbox Release 2013b, The MathWorks, Inc., Natick, Massachusetts, United States. The time origin was first set at the end of mitosis. The deterministic waiting time T 0 was estimated as the time between the end of mitosis and the time when the first nucleus from a large population is activated. This estimate is accurate for a large number of nuclei, because the probability p 0 that T r is close to zero was supposed to be non-zero. The estimate is more accurate when the number of transitions is small, because p 0 is high for a gamma distribution with small shape parameter, as it is the case when the number of transitions is small. Then the origin of time was set at T 0 and T r was determined for all nuclei. Parameters a, b were estimated with the formulas (10) . We found that a is not higher than 3, which allowed us to restrict the analysis to only three unidirectional transitions.
The empirical cumulative distribution function of T r was estimated using the Kaplan-Meier method. The mixed model (8) was fitted by minimization of an objective function O defined as the l 2 (sum of squares) distance between experimental data and model prediction. The optimization was performed using the MATLAB function lsqnonlin starting from 100, different, randomly chosen initial parameter values. The best optimum was kept as parameter estimate. The results of the fit are the three parameters p 1, p 2, p 3 and b (Table S1 ). Parameter a is also computed using (11) . The values of a and b estimated from the moments and from the distribution fit can be different. The first method, based on the moments, is sensitive to rare events; therefore it is less reliable than the latter. (E, F) Temporal coordination for snaE (E) and snaE+3Zld transgene (F), in a white-RNAi (solid curves) and in a zldRNAi genetic background (dashed curves). Statistics: SnaE white-RNAi: 6 movies, n=302; snaE zld-RNAi: 4 movies n=86; snaE+3Zld white-RNAi 6 movies n=273; snaE+3Zld zld-RNAi 6 movies n=111). Error bars represent SEM. (G, H) Kinetics of activation during the first 15min of nc14 driven by the snaE transgene or the snaE+3Zld transgene in whiteRNAi (solid curves) or in zld-RNAi embryos (dashed curves). The kinetics of nuclei coming from transcriptionally active mothers in nc13 (green curves) is compared to those arising from inactive mothers (red curves). In Figure 3 , only nuclei located within a 25μm rectangle centered around gastrulation are considered. 
